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1
USING A 3D DISPLAY TO TRAIN A WEAK
EYE

CROSS-REFERENCE TO RELATED PATENT
APPLICATIONS

This application is a continuation of U.S. patent applica-
tion Ser. No. 13/743,168, filed Jan. 16, 2013, which is
incorporated herein by reference in its entirety and for all
purposes.

BACKGROUND

Many people suffer from vision disorders in which one
eye is weaker than the other, leading to problems with
binocular vision, motion-perception, depth perception, and
spatial acuity. If left untreated, a person’s brain may increas-
ingly rely on the stronger eye for information, further
reducing the effectiveness of the weaker eye until, in some
cases, the weak eye becomes non-functional.

To treat such disorders, a physician may block or obscure
the view of the patient’s stronger eye to make the weaker-
eye work harder (i.e., force the person to rely more on the
weak eye). With his or her vision obscured, the patient may
engage in activities in which good vision is necessary for a
prescribed period of time, in order to train the weaker eye.
The improvement in eye strength of the patient’s weak eye
is generally proportional to the amount of time that the
patient spends training the weak eye. Because such training
takes many hours to effect a change in the patient, the
training routine typically takes place under the patient’s
discretion and without professional supervision. One draw-
back of such an approach is that a patient may occasionally
avoid or forget the training.

3D display systems have existed in a variety of forms for
many years. Generally, these systems convey a sense of
depth by presenting slightly different perspectives of the
same image to each of a viewer’s eyes. One typical 3D
display process involves presenting two superimposed
images simultaneously from a single display screen with the
superimposed images modified to be separable from each
other through the use of optical filters. Different filters may
then be placed in front of each of a viewer’s eyes (e.g., in 3D
glasses) so that the viewer sees one image with the left eye
and a different image with the right eye. If the two images
are slightly offset views of the same scene, the viewer will
instinctively combine the images into a 3D representation of
the scene. Conventional systems have employed color filters
(such as red/cyan tinted glasses), type of light-polarization
(i.e., planar, elliptical, linear, etc.), or polarization angle as
characteristics for filtering images using filters placed near
to the eyes.

More recently, displays have been developed that can
present 3D images without placing filters near the eyes. Such
systems, known as autostereoscopic displays, hold tremen-
dous potential for bringing 3D display technology to a
variety of untapped applications. Emerging uses for 3D
technology include medical imaging, entertainment, diag-
nostics, education, and defense, among many other fields.

SUMMARY

In one exemplary embodiment, a method for treating a
weak viewer-eye involves receiving eye-strength data
indicative of an eye-strength of the weak viewer-eye. The
method also involves causing a 3D display system to vary,
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2

in accordance with the eye-strength of the weak viewer-eye,
display characteristics of a perspective that the 3D display
system displays.

In another exemplary embodiment, a display-control
device includes a computer-readable medium with program
instructions stored thereon that are executable by an
included processor to cause the processor to perform certain
functions. The functions include receiving eye-strength data
representative of the eye-strength of a set of viewer-eyes that
includes a weak viewer-eye. The functions further include
causing a 3D display system to vary, in accordance with the
eye-strength of the weak viewer-eye, the display character-
istics of a perspective that the 3D display system displays.

In yet another exemplary embodiment, a non-transitory
computer-readable medium contains program instructions
executable by a processor to cause a display-control device
to perform certain functions. The functions include receiv-
ing eye-strength data representative of an eye-strength of a
weak viewer-eye and causing a 3D display system to vary,
in accordance with the eye strength of the weak viewer-eye,
display characteristics of a perspective that the 3D display
system displays.

In a further exemplary embodiment, a 3D display system
includes a 3D display screen, a processor, and program
instructions stored on a computer-readable medium. The 3D
display screen is configured to display multiple perspectives
of an image. The program instructions are executable to
cause the processor to receive eye-strength data representa-
tive of an eye-strength of a weak viewer-eye and vary
display characteristics of a perspective of the image in
accordance with the eye-strength of the weak viewer-eye.

In another exemplary embodiment, an exemplary method
involves causing a 3D display system to display a first and
second perspective of an image, with the first perspective
intended for a first viewer-eye and the second perspective
intended for a second viewer-eye. The method also involves
determining an eye-strength of the first viewer-eye with
respect to the second viewer-eye and varying display char-
acteristics of the first or second perspective of the image
based on the determined eye-strength of the first viewer-eye.

In still another exemplary embodiment, an eye-monitor-
ing system for controlling a 3D display system includes an
eye sensor configured to detect characteristics of a viewer’s
eyes and a display-system interface connecting the eye-
monitoring system to the 3D display system. The eye-
monitoring system also includes control circuitry configured
to generate eye-strength data from the characteristics
detected by the eye sensor.

The foregoing is a summary and thus by necessity con-
tains simplifications, generalizations and omissions of
detail. Consequently, those skilled in the art will appreciate
that the summary is illustrative only and is not intended to
be in any way limiting. Other aspects, inventive features,
and advantages of the devices and/or processes described
herein, as defined solely by the claims, will become apparent
in the detailed description set forth herein and taken in
conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 is a schematic design of a 3D display system
according to an exemplary embodiment.

FIG. 2A is a light-ray diagram of an example display
system in use.

FIG. 2B is a light-ray diagram of an example display
system in use.
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FIG. 2C is a light-ray diagram of an example display
system in use.

FIG. 2D is a light-ray diagram of an example display
system in use.

FIG. 3 is a schematic design of a 3D display device
according to an exemplary embodiment.

FIG. 4 is a schematic design of a display-control system
according to an exemplary embodiment.

FIG. 5 is a schematic design of an eye-monitoring system
according to an exemplary embodiment.

FIG. 6 is a flowchart of a process according to an
exemplary embodiment.

FIG. 7 is a flowchart
exemplary embodiment.

FIG. 8 is a flowchart
exemplary embodiment.

FIG. 9 is a flowchart
exemplary embodiment.

FIGS. 10A-10F illustrate example variations that may be
made to display characteristics of an image.

of a process according to an
of a process according to an

of a process according to an

DETAILED DESCRIPTION

Referring generally to the figures, systems and methods
for using a 3D display system to diagnose and/or treat
weakness in one of a viewer’s eyes are shown and described.
For example, to treat such eye-weakness, a 3D display
system may provide an enhanced image to the viewer’s
weak eye and/or provide a diminished or obscured image to
the viewer’s dominant eye. In this way, the viewer’s weak
eye can be trained without the viewer needing to physically
obstruct the dominant eye. Although the dominant viewer-
eye may also herein be referred to as the strong viewer-eye
or strong eye, the viewer’s dominant eye need not be
particularly strong. Additionally, displaying a perspective to
a “viewer-eye,” a “weak eye,” a “strong eye,” or a “domi-
nant eye” need not require that a viewer be actually watch-
ing. Rather, the perspective is displayed towards what the
display system interprets as a “viewer-eye,” etc.

Example Device and System Architecture

FIG. 1 is a schematic of a display system 100 according
to an exemplary embodiment. As shown, display system 100
includes display screen 102, eye-monitoring system 104,
processor 110, computer-readable medium (CRM) 112, and
communication interfaces 116, each coupled to system bus
108. As further shown in FIG. 1, program instructions 114
are stored on CRM 112. Some embodiments may not include
all the elements shown in FIG. 1 and/or may include
additional elements not shown in the example system of
FIG. 1.

System bus 108 is shown in FIG. 1 as a single connection
for simplicity. However, elements in an exemplary system
may connect through a variety of interfaces, communication
paths, and networking elements. Connections may be wired,
wireless, optical, mechanical, or any other connector type.

1. Display Screen

Display screen 102 may include one or more light sources
and a variety of other optical features for presenting images.
Light sources may include, for example, light emitting
diodes, other electroluminescent components, incandescent
light sources, gas discharge sources, lasers, electron emis-
sion sources, and/or quantum dot sources, among other
existing and future light-source technologies. In an example
display screen, sets of light sources may be organized into
arrays and other such groupings in order to form complex
images or patterns. In such an arrangement, each light
source may behave as an individual illuminated location
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4

(sometimes referred to as a pixel) on a larger display screen.
In other arrangements, single light sources may illuminate
several pixels.

The light-producing elements of display screen 102 may
connect to various display-control interfaces. A control unit
that signals the screen elements to manage the display may
take various forms, as will be discussed in a later section. In
some arrangements, a controller may independently signal
each pixel through an individual electrical or optical con-
nection.

In other arrangements, a set of pixels may interface
collectively with a control unit. For example, three differ-
ently colored light sources may be signaled collectively so
that the combined output is a particular color. As another
example, several superimposed signals may be transmitted
to a set of pixels with each signal intended for one of the
pixels. At the display screen, the combined signal may be
filtered into its constituent parts and each signal sent to its
intended pixel.

In still other arrangements, a controller may control a
single light source in order to provide light for multiple
pixels. For example, the light output from a single light
source may be expanded, split, and/or filtered to produce
multiple simultaneously displayed pixels. As another
example, a source may be configured to illuminate each of
a set of display-locations on a display screen sequentially,
cycling through the locations and providing light to each
location one at a time. Other example control arrangements
may also be used.

Optical features other than light sources may include, for
example, lenses, mirrors, beam-splitters, liquid crystals,
electronic ink, baffles, filters, polarizers, and/or waveguides.
As one example, a lenticular display-screen may include
arrays of small convex lenses (called lenticules) arranged
above an underlying image in such a way as to magnify
different portions of the underlying image depending on the
angle from which the image is viewed. In particular, lenti-
cules and underlying images may be designed so that two or
more entirely different images are presented when the screen
is viewed from specific angles. As will be discussed, optical
deflectors may also be used to change the direction of light
output from display screen 102. Other examples are pos-
sible.

In some implementations, optical elements other than
light sources may be controllable through mechanical, elec-
trical, acoustic, optical, or other stimuli. In such cases, a
control unit may communicate either independently or col-
lectively with controllable elements in much the same way
that the control unit may communicate with arrays of pixels.

As a particular example, display system 100 may use
controllable optical-deflectors to adjust the direction of light
output from display screen 102. Because, in some cases, the
direction of narrow (i.e., low divergence) beams of light may
be adjusted more effectively than higher-divergence light
sources, such an implementation may be termed a “beam-
to-viewer” system. The direction of the light, for instance,
may be adjusted so that a particular image is directed to one
viewer’s eye. In such a system, display screen 102 may
direct images associated with a right-eye view towards a
viewer’s right eye and images associated with a left-eye
view to the viewer’s left eye. In other systems, the direction
that a light source emits light may be controlled directly
without actively deflecting the light. For example, a system
may physically turn light sources to change the direction.

FIGS. 2A-2D are ray diagrams illustrating example beam-
to-viewer display systems in use. FIG. 2A shows light rays
deflecting towards a left viewer-eye 222 at a first time-step
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and FIG. 2B shows light rays deflecting towards a right
viewer eye 224 at a second time-step. Although the embodi-
ment shown alternates between displaying one view and
another, other beam-to-viewer systems may send different
beams simultaneously to each of a viewer’s eyes. As shown
in FIG. 2A, light is emitted from light sources 202, 204, 206,
and 208, through optical deflectors 212, 214, 216, and 218
towards the left viewer-eye 222 of viewer 220. Although
deflectors 212-218 are shown as separate devices in FIGS.
2A-B, an example optical-deflection system may alterna-
tively use a single-device deflection system.

As shown in FIG. 2B, at a second time-step, light sources
202, 204, 206, and 208 continue to emit light rays through
optical deflectors 212, 214, 216, and 218. In contrast to the
first time-step, however, optical deflectors 212-218 deflect
light towards the right viewer-eye 224 of viewer 220 during
the second time-step. In an example process, the light may
alternate between the first and second time-steps. The time-
step shown in FIG. 2A is termed the “first” time-step only to
differentiate it from the second time-step. Throughout the
present disclosure, no intended order of operations should be
implied from the labels “first” or “second” unless otherwise
specified.

FIGS. 2C and 2D are light-ray diagrams showing another
beam-to-viewer system in use. In particular, the light rays
are deflected to the eyes of two viewers in an alternating
sequence. In other implementations, a beam-to-viewer sys-
tem may display to both viewers simultaneously. The par-
ticular sequence shown involves displaying both the left and
right views of the 3D images to viewer 280 at a first
time-step (shown in FIG. 2C) and displaying both the left
and right views of the 3D images to viewer 290 at a second
time-step. As shown, at the first time-step, light sources 254,
258, 262, and 266 emit light rays (shown as solid lines)
representing a left-eye view through optical deflector 268
and lenticules 272, 274, 276, and 278 towards the left
viewer-eye 282 of viewer 280. Also at the first time-step,
light sources 252, 256, 260, and 264 emit light rays (shown
as dashed lines) representing a right-eye view through
optical deflector 268 and lenticules 272, 274, 276, and 278
towards the right viewer-eye 282 of viewer 280. Although
optical deflector 268 is shown as a single segmented deflec-
tor, other embodiments may include separate deflectors for
each light source or lenticule.

At the second time-step, FIG. 2D shows that light sources
252-266 emit portions of the left and right views in the same
way as in the first time-step. However, the light rays are
deflected by deflector 268 so that, after passing through
lenticules 272-278, the light rays are directed to viewer
290’s left viewer-eye 292 and right viewer-eye 294. Other
implementations and procedures may be used as well to
display 3D images to two or more viewers.

In addition to beam-to-viewer systems, a 3D display
screen may use a variety of techniques to portray different
images to different viewers. For instance, near-eye optical
filters (e.g., 3D glasses) may be used to separate superim-
posed images. As another example, a system may use
holographic displays, lenticular screens, parallax-barrier dis-
plays, or wiggle stereoscopy to present the pair of images.
Although a 3D display screen 102 and a 3D display device
100 may be particularly used for displaying 3D images,
these systems may also display 2D images. For example, if
a 3D display system receives a 2D image or video, the
system may display substantially the same image(s) for each
perspective of the 2D image or video. Because system may
vary the display characteristics, the perspectives may not be
exactly the same.
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II. Eye-Monitoring System

Eye-monitoring system 104 may also be included in or
connected to display system 100. In some arrangements,
eye-monitoring system 104 may be integral in the same
device as display screen 102 and other elements. In other
cases, eye-monitoring system 104 may communicate with
other elements of the system, through an electrical, optical,
or other communicative interface. In some cases, eye-
monitoring system 104 may control itself, sending eye-
strength and other data automatically. In other arrangements,
a central controller may send control signaling eye-moni-
toring system 104 to initiate generation of eye-strength data.

Eye-monitoring system 104 may use a variety of sensors
to generate eye-strength data. For example, a video-process-
ing approach may involve capturing images in the direction
that display screen 102 faces and analyzing the images to
detect portions of the image that are representative of
characteristics of a viewer-eye. As another example, reflec-
tion sensors may detect characteristics of viewer-eyes by
sending optical or acoustic signals towards the eyes, mea-
suring signals that are reflected back towards the sensor, and
processing the reflected signals to detect eye-characteristics.
In some optical reflection-sensor systems, the light may
reflect off the surface of the eye. In other systems, the light
may pass through portions of the eye and reflect off the back
of the eye. In still other reflection-sensor systems, the light
or sound waves may reflect off areas other than the eye itself
(e.g., skin around the eye or other body features). In systems
that detect multiple eye-characteristics, eye-monitoring sys-
tem 104 may include various sensors and sensor-types to
monitor the eyes.

In some implementations, eye-monitoring system 104
may be configured to generate new eye-strength data occa-
sionally by determining a current eye-strength of the
detected eyes and updating the eye-strength data with the
most current data. For example, eye-monitoring system 104
may determine eye strength periodically, that is, at pre-
defined time-intervals. In some cases, the time intervals
between successive determination steps may be so brief as
to create a substantially continuous reading of the eye
strength. In other embodiments, eye-monitoring system 104
may determine eye strength in response to a particular
signal. For example, eye-monitoring system 104 may
receive movement data from one or more motion sensors
and initiate an eye-strength determination procedure in
response to receiving data indicating a sufficiently large
movement in the viewing area of display screen 102. Such
a technique may help the system to recognize when a
particular viewer stops watching, so that the system may
stop varying display characteristics.

The strength of a viewer-eye may be determined in a
variety of ways. In some systems, eye-monitoring system
104 may internally process sensor readings to determine the
eye-strength of the viewer-eye. In other systems, eye-moni-
toring system 104 may send data to a centralized processor
for processing and analysis to determine eye strength. In still
other systems, eye-strength data may be accessed from
storage or input directly, so that no eye-monitoring system
is used.

In addition to eye strength, eye-monitoring system 104
may determine and report other information about viewer-
eyes. For example, eye-monitoring system 104 may report
the location of detected eyes. Such eye-location data may
help beam-to-viewer systems to direct the light towards the
viewer-eyes or other 3D displays to determine which
viewer-eye (e.g., right or left) was viewing each pixel of the
display. As another example, eye-monitoring system 104
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may report eye-movement data based on previous eye-
location data. Another example eye-monitoring system 104
may estimate future eye-locations based on eye-movement
and current eye-location data. As still another example,
eye-strength data may represent specific characteristics of
the viewer-eyes (e.g., right eye, left eye, first viewer, second
viewer, specific viewer identity, etc.)

In other embodiments, additional information about
viewer-eyes may be determined by separate systems. For
example, display system 100 might include eye-monitoring
system 104, for determining eye strength, and a separate
eye-tracking device for determining the viewer-eye’s posi-
tion.

1II. Other Elements

As shown in FIG. 1, display system 100 may also include
computing elements for control of system 100 and process-
ing of signals to/from display screen 102, eye-monitoring
system 104, and communication interfaces 116. In particu-
lar, display system 100 includes a processor 110 and a
computer-readable medium (CRM) 112. CRM 112 may
contain program instructions that processor 110 may execute
to cause system 100 to perform certain functions. Processor
110 and CRM 112 may be integrally connected in a display
device or these elements may connect locally or remotely to
a display device.

Processor 110 may include any processor type capable of
executing program instructions 114 in order to perform the
functions described herein. For example, processor 110 may
be any general-purpose processor, specialized processing
unit, or device containing processing elements. In some
cases, multiple processing units may be connected and
utilized in combination to perform the various functions of
processor 110.

CRM 112 may be any available media that can be
accessed by processor 110 and any other processing ele-
ments in system 100. By way of example, CRM 112 may
include RAM, ROM, EPROM, EEPROM, CD-ROM or
other optical disk storage, magnetic disk storage or other
magnetic storage devices, or any other medium that can be
used to carry or store desired program code in the form of
program instructions or data structures, and which can be
executed by a processor. When information is transferred or
provided over a network or another communications con-
nection (either hardwired, wireless, or a combination of
hardwired or wireless) to a machine, the machine properly
views the connection as a CRM. Thus, any such connection
to a computing device or processor is properly termed a
CRM. Combinations of the above are also included within
the scope of computer-readable media. Program instructions
114 may include, for example, instructions and data capable
of causing a processing unit, a general-purpose computer, a
special-purpose computer, special-purpose processing
machines, or server systems to perform a certain function or
group of functions.

In some embodiments, display screen 102, eye-monitor-
ing system 104, communication interface 116, and/or other
connected devices may include separate processing and
storage elements for execution of particular functions asso-
ciated with each system. As an example, eye-monitoring
system 104 may store observed information (e.g., focal
properties, gaze-tracking data, etc.) about viewer-eyes in an
internal CRM and use internal processors to determine
eye-strength. In this example, eye-monitoring system 104
may autonomously determine and transmit the eye-strength
data instead of transmitting the observed information to
central processor 110. Indeed, any of the processing, calcu-
lating, estimating, or control functions described above as
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being performed by display screen 102 or eye-monitoring
system 104 may alternatively be performed by processor
110. In some cases, specific processors and CRM may be
dedicated to the control or operation of one system although
not integrated into that system. For example, processor 110
may include a display-control subsystem that uses a special-
purpose processing unit to service display screen 102.

Display system 100 also includes communication inter-
faces 116 for communicating with local and remote systems.
Communication interfaces 116 may include, for example,
wireless chipsets, antennas, wired ports, signal converters,
communication protocols, and other hardware and software
for interfacing with external systems. For example, display
system 100 may receive images for display via communi-
cation interfaces 116 from content providers (e.g., television,
internet, video conferencing providers, etc.) or from local
media sources (e.g., gaming systems, disc players, portable
media players, computing systems, cameras, etc.) As another
example, display system 100 may receive user-input and
user-commands via communication interfaces 116 such as,
for instance, remote control signals, touch-screen input,
actuation of buttons/switches, voice input, and other user-
interface elements.

IV. Nllustrated Example Systems

FIGS. 3-5 are schematic designs of particular device
implementations according to exemplary embodiments. Ele-
ments shown in FIGS. 3-5 that are similar to elements
described with respect to FIG. 1 (for example, processors
110, 310, 402, and 502) may be implemented and used in the
ways described above with respect to FIG. 1. The devices
and systems illustrated in FIGS. 3-5 are not intended to be
exhaustive. Other arrangements and implementations will be
clear to those of skill in the art, based on this disclosure.

FIG. 3 is a schematic design of a display device 300
according to an exemplary embodiment. As shown, display
device 300 includes display screen 302, eye-monitoring
system 304, processor 310, CRM 312, and communication
interfaces 316, with each element communicatively coupled
through system bus 308. Display device 300 may function as
a self-contained unit, receiving content from communication
interfaces 316 or CRM 312 and processing and displaying
the content according to the functions set forth in program
instructions 314 and data received from eye-monitoring
system 304. Display device 300 may be any type of 3D
display device or system containing the components shown
in FIG. 3. For example, display device 300 may be a
3D-television system, a portable media player, a laptop
computer, a desktop computer, a personal digital assistant
(PDA), a mobile phone, or a self-contained gaming system,
among other devices.

FIG. 4 is a schematic design of display-control system
400 arranged according to an exemplary embodiment. As
shown, display-control system 400 includes processor 402
and CRM 404, which stores program instructions 406,
communicatively coupled through system bus 408. Program
instructions 406 may be executable by processor 402 to
cause display-control system 400 to perform various func-
tions as will be described. Some functions may involve
communicating with 3D display device 416 and eye-moni-
toring system 418 through display-device interface 410 and
eye-monitor interface 412. Interfaces 410 and 412 may
include various hardware and software for communicating
with 3D display device 416 and eye-monitoring system 418.
Other exemplary display control systems may include addi-
tional components such as communication interfaces.

In some implementations, display-control system 400
may function as an external device to 3D display device 416
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and eye-monitoring system 418. In other implementations,
display-control system 400 may be integrated within a
display system, display device, eye-monitoring system, or
communication interface. In any arrangement, interfaces
410 and 412 may be simple electrical or optical connections,
such as a pin connector or a fiber bundle; or complex
interfacing systems, including chipsets, antennas, switching
circuits, communication protocols, and/or dedicated pro-
gram instructions, to name only a few examples.

FIG. 5 is a schematic design of an eye-monitoring system
500 arranged according to an exemplary embodiment. As
shown, eye-monitoring system 500 includes processor 502,
CRM 504, which stores program instructions 506, and eye
sensor 510, all communicatively coupled through system
bus 508. Program instructions 506 may be executable by
processor 502 to cause eye-monitoring system 500 to per-
form various functions as will be described. Some functions
may involve communicating with 3D display device 514
through display-device interface 512. Eye sensor 510 may
include any of the various sensors, emitters,

In some implementations, eye-monitoring system 500
may function as independent device externally connected to
3D display device 514. In other implementations, eye-
monitoring system 500 may be integrated within a display
system, display device, display-control system, or commu-
nication interface. Interface 512 may include various hard-
ware and software, such as those described above with
respect to interfaces 410 and 412. Other exemplary eye-
monitoring system may include additional components such
as communication interfaces, motion sensors, and displays.
Example Operation

Functions and procedures described in this section may be
executed according to any of several embodiments. For
example, procedures may be performed by specialized
equipment that is designed to perform the particular func-
tions. As another example, the functions may be performed
by general-use equipment that executes commands related to
the procedures. As still another example, each function may
be performed by a different piece of equipment with one
piece of equipment serving as control or with a separate
control device. As a further example, procedures may be
specified as program instructions on a computer-readable
medium.

FIG. 6 is a flowchart illustrating a method 600 according
to an exemplary embodiment. As shown, method 600
involves receiving eye-strength data for a weak and a strong
eye (step 602). Method 600 further involves varying char-
acteristics of an image displayed by a 3D display system in
accordance with the eye-strength data (step 604).

FIG. 7 is a flowchart illustrating another method 700
according to an exemplary embodiment. As shown, method
700 involves requesting eye-strength data from an external
eye monitor (step 702). Method 700 further involves receiv-
ing eye-strength data for a weak and a strong eye from the
eye monitor (step 704). Method 700 further involves varying
characteristics of an image displayed by a 3D display system
in accordance with the received eye-strength data (step 706).

FIG. 8 is a flowchart illustrating still another method 800
according to an exemplary embodiment. As shown, method
800 involves using an internal eye-monitoring system to
generate eye-strength data for a weak and a strong eye (step
802). Method 800 further involves receiving the eye-
strength data from the eye monitor to a processing unit (step
804). Method 800 further involves varying characteristics of
an image displayed by a 3D display system in accordance
with the received eye-strength data (step 806).
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FIG. 9 is a flowchart illustrating still another method 900
according to an exemplary embodiment. As shown, method
900 involves causing a display device to display left and
right perspectives of an image (step 902). Method 900
further involves determining the strength of a viewer’s left
and right eyes (step 904). Method 900 further involves
varying characteristics of the perspectives in accordance
with the strength of the viewer’s eyes (step 906).

Although FIGS. 6-9 show particular steps and particular
step orderings, exemplary methods may include additional
steps, omit shown steps, or reorder the steps in a variety of
ways. In the following sections, aspects of each illustrated
method, along with other exemplary procedures, are dis-
cussed with reference to the systems illustrated in FIGS. 1-5
and the example methods of FIGS. 6-9.

1. Requesting and Receiving Eye-Strength Data

A display-control system or display device may receive
eye-strength data from various sources. For example, step
702 of method 700 involves requesting eye-strength data
from an external eye-monitoring system. In other cases,
eye-strength data may be received from integral eye-moni-
tors into the processing components of a system. In still
other cases, eye-strength data may be received as user-input
as part of an eye-testing procedure or as determined by
previous eye testing. In still other cases, stored eye-strength
data may be loaded from CRM (such as CRM 112). In any
case, the system may send a command, request, or instruc-
tion to initiate the generation of or access to eye-strength
data.

For example, a system may periodically instruct an eye-
monitoring system to generate eye-strength data. Such a
system may periodically receive new eye-strength data
while a certain viewer is watching the display. In this way,
the system may track the progress or deterioration of the
viewer’s eye strength in real time. The system may adjust the
amount of training or compensation that the viewer receives,
in real time, in accordance with the tracked eye-strength.

As another example, eye-strength data may be requested
whenever a new viewer is detected. A new viewer or a set
of new viewers may be detected, for instance, when the
display device is turned on. A system may also use sensors
(such as the eye-monitoring system, an additional eye-
detection system, or motion sensors) to determine that the
viewership has changed. For instance, a display device may
receive motion-sensor readings that indicate a threshold
amount of movement in the device’s viewing area and, in
response to this detection, send a request to an eye-moni-
toring system.

In some cases, eye-strength data may be requested when
the identity of the new viewer is recognized. For example,
a viewer-profile may be stored in a display system or control
device and activated by the viewer or an internal process
whenever the viewer is watching the display device. The
system may determine that the viewer is watching by using,
for example, facial recognition, voice recognition, or user-
input, among other examples. A viewer-profile may be
stored on CRM 112 or on a local or remote storage system
that communicates with system 100 through communication
interfaces 116. A viewer-profile may include, for example,
eye-strength data, results of previous testing or calibration,
viewer preferences, data for use in recognition, historical
data regarding previous viewing sessions, and/or other
viewer information.

As a further example, a system may receive requests to
generate eye-strength data from communication interfaces
116. In particular, a viewer (or a caregiver) may request that
the system initiate eye-strength data gathering or generation



US 9,486,386 B2

11

via a user-interface. In another arrangement, a stand-alone
eye-detection system may send a request via communication
interfaces 116.

Any request for eye-strength data may include a variety of
information pertaining to the requested data. For example,
when a system requests eye-strength data associated with a
particular viewer that the system recognizes, the request may
include information about the particular viewer (e.g., name,
system 1D, data location of stored eye-strength data, previ-
ous eye-strength readings, etc.) As another example, the
request may include information from other sensors that
would be useful in monitoring the eyes (e.g., position of the
viewer, positions of each eye, movement of the viewer,
characteristics of currently displayed content, etc.) As a
further example, the request may include instructions for
collecting the data (e.g., number of times to test, a time
period over which to repeatedly test, additional data to
collect with eye-strength data, desired format of the eye-
strength data, etc.)

The system may also receive eye-strength data without
requesting the data from external or internal systems. In
particular, eye-monitoring systems may be programmed to
generate or collect eye-strength data at certain times (e.g.,
periodically or in response to certain stimuli) and send the
data to a display or control system. In other cases, an
eye-monitoring system may receive requests for data from
external sources without the interaction of a display system
or display control. In still other arrangements, remote serv-
ers or systems may send eye-strength data via communica-
tion interfaces 116 to a display system.

Whether received data is requested or unrequested, the
system may process eye-strength data to determine the
eye-strength of viewer-eyes. In particular, the system may
compare eye-strength data for each eye to determine a
relative eye-strength. In some cases, the display system may
receive raw collected data from an eye-monitoring system
and process the data to determine and/or compare the
eye-strength that the data indicates. In other cases, as will be
described, the display system may receive eye-strength data
that an eye-monitoring system has already processed from
raw collected data.

The relative eye-strength may be represented by Boolean
variables (i.e., an eye is either “strong” or “weak”), a
qualitative description (an eye is much stronger, much
weaker, slightly weak, etc.), or a quantitative description (an
eye’s strength is reported as a numerical representation). In
some cases, eye-strength data may only indicate the relative
eye-strength of viewer-eyes (i.e., how a viewer’s eyes com-
pare to each other). In other cases, the eye-strength data may
indicate the absolute eye-strength of the viewer’s eyes (i.e.,
how each eye compares to a standard measure of eye
strength).

In some cases, the eye-strength data may include eye-
strength readings for each eye. In other cases, the eye-
strength data may indicate only the difference in eye
strength. In still other cases, the data may indicate the
absolute eye-strength value for the weak viewer-eye, but not
for the strong viewer-eye.

Some example display systems may receive eye-strength
data from external sources via communication interfaces
116, instead of receiving eye-strength data from an eye-
monitoring system. For example, if a viewer already
received an eye-strength test, such as a professionally
administered test, then the results of that test may be entered
into a display system through communication interfaces 116.
As another example, a system may request and receive
eye-strength data from an external database or server. In
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addition to the value of eye strength, such data may indicate
other pertinent information with regard to the viewer’s
vision. For example, the data may include information
regarding such vision problems as cataracts, color blindness,
and near-/far-sightedness. Other examples are also possible.

II. Generating Eye-Strength Data

Eye-monitoring system 104 may use a variety of eye-
characteristics to determine the eye strength of a viewer-eye.
For example, eye-monitoring system 104 may track the gaze
direction of each viewer-eye to determine whether there is a
difference in how much each eye moves. If the viewer moves
one of his or her eyes less than the viewer moves the other,
this may indicate that the less mobile eye may be weaker
than the more responsive eye. In some embodiments, a
control system may locate the focal point of an image that
is displayed on display screen 102 and use this determined
focal point in combination with the gaze-tracking data to
determine eye strength. For example, while display screen
102 is displaying a video in which an emphasized object
moves across the image in one direction, eye-monitoring
system 104 may track the gaze-direction of viewer-eyes to
determine how much each viewer-eye moves in that direc-
tion. Then, a control system may correlate the movement of
the emphasized object and the eyes to determine whether
one eye is weaker (e.g., less used or less responsive) than the
other.

For a viewer with a strabismus (a condition in which the
eyes are not properly aligned to each other), the system may
use gaze-tracking information to determine how often the
viewer fixates with each eye. If the viewer has equal
eye-strength in each eye, the viewer will alternate between
fixating with the right eye and fixating with the left. The
fixation may be observed as a turning of the eye to face the
object of interest (in this case, the display screen). When a
viewer with strabismus switches the eye with which they are
fixating, the viewer’s eyes move slightly to the left or right.
A system may track these movements and record the amount
of time spent fixating with each eye. The difference in the
time spent fixating with each eye may then be used as a
measure of eye strength.

As another example, eye-monitoring system 104 may use
dilation data to determine the eye-strength of viewer-eyes. In
particular, a weak viewer-eye may respond to changes in
light slower than a strong viewer-eye. Hence, eye-monitor-
ing system 104 may detect eye strength by determining the
difference in dilation characteristics of each eye. A system
may also analyze the brightness of images presented to the
viewer for comparison to detected dilation changes. For
example, when the system detects that a displayed image has
significantly increased in brightness, the system may track
corresponding dilation changes with the expectation that
responsive eyes will dilate less to adjust for the increasing
brightness.

As a further example, eye-monitoring system 104 may
detect the focus of the viewer-eyes and use the detected
focus as an indication of eye-strength. The focus of a
viewer-eye in this sense is a measure of the depth of the
viewer’s gaze. An eye sensor may detect focus, for example,
by emitting light through the center of the eye, so that the
light reflects off the back of the eye, and analyzing the
reflected light to determine characteristics of the eye’s lens.
Processors in eye-monitoring system 104 or connected to
display system 100 may then compare the depth of focus for
each eye with respect to the other eye and with respect to the
viewer’s distance from display screen 102. A difference in
focus may indicate a difference in eye strength between the
viewer-eyes. For example, a weak eye may focus on a depth



US 9,486,386 B2

13

that is significantly different from the physical distance from
the viewer to display screen 102, because the viewer is not
relying on that eye for looking at the screen. In other
implementations, a gaze-tracker may facilitate determining
the viewer’s focus-depth by comparing the two eyes’ direc-
tions. For example, the level to which a viewer crosses or
uncrosses his or her eyes may indicate the viewer’s focus
depth. In such an arrangement, the system may then com-
pare the focus indicated by the eye-directions to the focus of
the individual eyes as determined by reflecting light off the
back of the eyes.

Some embodiments may generate eye-strength data with-
out actively monitoring a viewer’s eyes. Instead, such
embodiments may receive data from communication inter-
faces 116 and process this data to generate eye-strength data.
For example, a system may conduct an eye-strength test by
presenting images to a viewer, receiving viewer-input, and
correlating the viewer-input to the presented images to
determine eye strength. In particular, a system may show a
succession of images in which the brightness of the image
reduces until the viewer indicates that the image is no longer
visible. As another implementation, a system may display
3D images in which one of the perspectives is reduced in
brightness and ask the viewer to indicate “good” images and
“bad” images. In a further implementation, a viewer may
perform a side-by-side comparison in which (1) an image is
displayed to each eye so that the two images are beside each
other, (2) the viewer varies the display brightness of one or
both images, and (3) once the images appear equivalent, the
viewer indicates that the current altered brightness settings
produce equivalent perspectives. Based on the viewer-input,
the system may determine the relative or absolute eye-
strength of the viewer and generate corresponding eye-
strength data. Although brightness is used as an example of
an altered characteristic in the above examples, any of the
described embodiments may involve varying other display
characteristics instead of, or in addition to brightness.

In a gaming system with a 3D display, the eye strength of
a viewer (player) may be determined by altering image
characteristics while the viewer is playing a game and
monitoring how well the viewer plays. For example, a
display system may receive updates from the gaming system
indicating how well the player is performing in a 3D-graph-
ics-based game. Then, in response to detecting that the
viewer plays worse when a first perspective is dimmed, the
system may report that the viewer-eye associated with the
first perspective is the weak viewer-eye. Correspondingly, in
response to detecting that the viewer plays better when the
first perspective is dimmed, the system may report that the
viewer-eye associated with the first perspective is a strong
viewer-eye. If, instead, a 2D-graphics-based game (or 3D
game that does not require much 3D) is used, then dimming
the perspective displayed to the dominant eye may actually
decrease the player’s effectiveness, reversing the resulting
diagnosis.

In some embodiments, eye-strength data may also indi-
cate information about the detected viewer-eyes other than
just the eye-strength. For example, eye-monitoring system
104 may be configured to detect the locations and/or motion
of'the viewers’ eyes and include this detected information in
the eye-strength data. As another example, when the system
detects two viewer-eyes that move together and/or are
separated by less than a certain distance, eye-monitoring
system 104 may determine that the viewer-eyes belong to a
single viewer and indicate the left viewer-eye and the right
viewer-eye in the eye-strength data.
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Some example systems may be configured to serve mul-
tiple viewers at once. In particular, a system may detect
multiple eyes in the viewing area and determine which of the
viewer-eyes most likely belong to the same viewer. The
system may use one of a variety of techniques to determine
the likelihood that particular eyes belong to the same viewer.
For example, the system may use the location and motion of
each of the viewer-eyes and determine whether the separa-
tion or relative movement of the eyes is indicative of the
viewer-eyes belonging to a single viewer. As another
example, a camera-based eye-monitoring system may deter-
mine whether viewer-eyes belong to the same viewer by
comparing images associated with each viewer-eye to detect
assess the similarity between the eyes. In response to deter-
mining that the viewer-eyes are threshold similar, the system
may determine that they belong to the same viewer. In some
cases, a system may annotate data that represents a viewer’s
pair of eyes with an identifier of the particular viewer
represented by the pair of viewer-eyes. For example, in
response to determining that two pairs of eyes belong to two
viewers, a system may label each pair as “VIEWER A” or
“VIEWER B.” Other labels may also be used and viewer-
eye data may include many other forms of information as
well.

In a system where eye-monitoring system 104 detects the
location of viewer-eyes, the eye-strength data may indicate
the relative directions (i.e., a relative angular position vec-
tor) from display-screen 102 to the detected eyes. Such
directional position data may be gathered, for example, by
comparing the direction from eye-monitoring system 104
towards the detected eyes to the position/orientation of
eye-monitoring system 104 relative to the display screen.
Additionally, eye-strength data may indicate the relative
distance from the display screen to the detected eyes. For
example, a proximity sensor may determine relative distance
of a detected object by outputting light or sound waves,
detecting returning waves, calculating the propagation time
of'the waves, and using the speed of propagation to calculate
the distance of the object off which the wave reflected.

Eye-strength data may also indicate the movement of
detected eyes. For example, eye-monitoring system 104 may
determine eye-locations occasionally and compare the deter-
mined set of eye-locations with one or more previous
eye-locations in order to estimate the motion of detected
eyes. In determining motion of a particular eye, the eye-
location data from a current set of eye-locations may be
associated with corresponding eye-location data in each of
several previous sets of eye locations. For example, the eye
locations may be associated based on a detected similarity in
the data that represents each corresponding eye-location
(e.g., image, geometry, reflectivity or other similarities of the
data). As another example, corresponding eye-locations may
be associated based on a detected similarity in their position
relative to other eye-locations.

Using the current and previous values of eye-location
from the associated eye-location data, eye-monitoring sys-
tem 104 may calculate motion characteristics associated
with the determined eye-locations. Such motion information
may include, for instance, speed, direction of movement,
velocity, acceleration, movement pattern, and/or jerk,
among other movement characteristics. Eye-monitoring sys-
tem 104 may then include the determined motion informa-
tion in the eye-location data that it sends to the control,
processing, or other elements of display system 100.

In some cases, eye-monitoring system 104 may process
motion information and current eye-location data in order to
estimate future eye-locations. For example, in response to
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determining that a detected eye is moving in a particular
direction at a particular speed, eye-monitoring system 104
may estimate the distance the eye will move in a given
duration of time by multiplying the given duration by the
particular speed. Eye-monitoring system 104 may then
estimate the eye’s future location at the end of the given
duration by adding the estimated distance in the particular
direction to the current eye-location. In other arrangements,
the system may factor acceleration, jerk, or the other motion
information into an estimation of the future eye-location.
Then, eye-monitoring system 104 may include the future
eye-location data in the eye-location data that it sends to
control elements in system 100.

In some embodiments, an eye-monitoring system (or
other system that generates eye-strength data) may send raw
collected data to a display system. For example, eye-posi-
tion, movement, focus, alignment, and/or dilation data may
simply be collected and transmitted to display-system pro-
cessors. In such a case, the display-system processors may
perform the techniques described above to determine and/or
compare eye strength. In other embodiments, the eye-moni-
toring system may process the data to determine or compare
eye strength and send the resulting data to the display
system. In still other embodiments, an eye-monitoring sys-
tem, such as system 500, may fully process the eye-strength
data and autonomously determine adjustments to be made to
the displayed images. In such an embodiment, the eye-
monitoring system may send eye-strength data to the display
system or device in the form of instructions, directing the
display system how to adjust for the eye-strength. Such
instructions may be indicative of the eye-strength, therefore,
without explicitly indicating the eye strength.

III. Varying Display Characteristics

At step 604, method 600 of FIG. 6 involves varying the
display characteristics of an image displayed by a 3D
display system in accordance with the received eye-strength
data. Similar procedures are performed at steps 706, 806,
and 906 of methods 700, 800, and 900 respectively. In some
cases, a single display device or system may determine how
to vary display characteristics and vary the characteristics. In
other cases, a control system, such as display control system
400, may determine how to vary the display characteristics
and cause a separate display device to vary the characteris-
tics. As will be described, a system may vary any of various
display characteristics such as, brightness, resolution, com-
plexity, image size/position, peripheral content, spectral
content, saturation, or temporal complexity, among other
examples.

As stated earlier, a 3D display system may be used to
display 3D or non-3D images. The images that are displayed
to each eye are referred to as perspectives in the following
sections regardless of whether the images combine to give
the impression of depth (e.g., 3D images) or not (e.g.,
non-3D images).

In some embodiments, a system may vary the brightness
of a displayed perspective. In one implementation, a system
may vary the brightness by changing the luminance of each
pixel associated with the perspective. For example, a system
may determine which pixels are associated with the per-
spective and vary the amount of electrical current delivered
to a light source to alter the luminance of the source. As
another example, a system may use optical filters to reduce
the brightness of a perspective by absorbing light from
pixels associate with the perspective. In another implemen-
tation, a system may vary the brightness by changing the
amount of time that each pixel associated with the view is
emitting light. Such an implementation may function
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through active pulsing of the light or through pulsed wave
modulation (PWM) technique. In a further implementation,
a system that displays two perspectives from the same pixels
(e.g., by sequentially displaying each perspective) may vary
brightness by changing the amount of time the pixels display
each perspective. In yet another implementation, a system
may turn off a portion of the pixels associated with one
perspective.

In some embodiments, a system may vary the spatial
resolution of an image. The spatial resolution of a displayed
image refers to the number of independently addressable
pixels the display uses to produce the image. In order to
reduce the spatial resolution of an image, a set of adjacent
pixels may be assigned a single address so that the pixels in
the set of adjacent pixels all display the same portion of the
image. Such a modification is illustrated by FIGS. 10A and
10B. FIG. 10A shows an unmodified image that could be a
perspective of a 3D image. FIG. 10B shows the same image
with a reduced spatial resolution. To reduce the spatial
resolution, a system may detect what color would be dis-
played in full resolution image by each pixel in the set,
determine an average color for the set, and display that color
for every pixel in the set. In the example of FIG. 10B, a set
of nine pixels are averaged into a single pixel by counting
the number of white pixels and black pixels in the set and
choosing either white or black depending on which color is
more prevalent. This type of average color may be called the
“mode” of the pixels. In other examples, the system may use
a lighter or darker shade of gray for the average color
depending on whether the percentage of black pixels is
lower or higher, respectively. This average color is closer to
a “mean” average color.

In color images, the system may also reduce the spatial
resolution of the image by choosing an average color. The
average color may be chosen as the most prevalent color (the
mode) or as an intermediate color (the median or mean).
Choosing an intermediate color may be more complicated in
a color image than in a black/white or grayscale image. In
choosing such a color, the system may rank all the colors
used in the set of pixels based on one or more characteristics
of the color (e.g., hue, brightness, saturation, amount of red
in an RGB system, amount of cyan in a CMYK system, etc.)
Then, to choose a “median” color, the system may find a
color that is in the middle of the rankings and select this
color as the average color. Alternatively, the system may
choose a mean color by (1) assigning each color a numerical
value, based on the ranking criteria; (2) calculating the
numerical mean of the assigned values, and (3) picking the
color that would be associated with that numerical value. For
example, if ranking is based on hue, then the system may use
a standard set of hue variants (such as the 256-hue system
used in many computing applications) to assign a value to
each color from a group of pixels, calculate the mean value,
and use the same standard system to pick the color associ-
ated with the mean value. Hence, the mean color may be a
color that would not be displayed in any of the pixels from
the full-resolution image, but rather, represents the average
value of the full-resolution colors. Because many color
systems use multiple independent variables (e.g., RGB,
CMYK, and HSL variables, among others) to define a color,
the determination of a mean or median color may take a
separate calculation for each variable. Although the example
of FIG. 10B shows sets of nine pixels that form squares
being averaged, an example system may reduce the spatial
resolution by averaging any number of pixels that form any
of several shapes.
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In some embodiments, a system may vary the complexity
of a displayed perspective. For example, a system may
remove features of one perspective to make the perspective
less complex. A feature may be removed, for instance, by
turning off pixels related to that feature. In other embodi-
ments, a feature may be removed by changing the color the
pixels to the color of the pixels surrounding the feature. For
example, to remove a black line across a green background,
a display may change the pixels in the line from black to
green. In grayscale or color images, a system may use
image-processing techniques to define what a “feature” of
the image is and what portion of the image it occupies.

To determine which features to remove, the system may
use several techniques, some of which are shown in FIGS.
10C-10F. As illustrated in FIG. 10C, a system may deter-
mine the size of the various features within an image and
reduce complexity by removing features below a certain size
from one perspective. In the example FIG. 10C, lines are
removed based on their thickness. Other examples of feature
size may also be used as criteria for distinguishing between
large and small features such as, length, pixel area, 3D
volume (the product of the area across the screen and the
perceived depth of a 3D feature), 3D surface area (the
topographical surface area of a feature calculated from two
of: length, width, and perceived depth).

As shown in FIGS. 10D and 10E, a system may reduce
complexity by removing features at the periphery of an
image (also known as “peripheral content™). For example, a
system may remove features near the edge of the screen.
Such an example is shown in FIG. 10D, in which the system
defines a border 1002 around the center of the image As
another example, a system may receive indications of which
portion of an image is the focal point or center of attention
and remove features that are far from this focal point. FIG.
10E shows an example of a system that defines a border
1004 around a focal point of the image. Although borders
1002 and 1004 are shown as oval-shaped and slightly
smaller than the full screen, a system may use any shape or
size of boundary to distinguish between peripheral content
and the rest of the image. Because the peripheral content is
removed outside of the border, the size, shape, and position
of the border may, in this case, define an “image size,” an
“image shape,” and an “image position.” In some cases, the
removed “peripheral content” may actually be at the center
of the image or center of attention in the image. For
example, a system may remove important features (e.g.,
features that are indicated as focal points of an image) from
the perspective of the strong viewer-eye, so that the viewer
must rely more heavily on the weak eye. Such a variation
may be particularly effective in a 3D-gaming application,
because the viewer may need to see particular 3D-features in
an image to succeed at the game.

As shown in FIG. 10F, a system may also combine
complexity-reducing techniques. In particular, the image of
10F illustrates a technique in which a border 1006 defines
the periphery of the image and small features in the periph-
ery are removed. Larger features in the periphery, such as
line 1008 and arc 1010 have not been removed by this
technique. In other embodiments, the spatial resolution,
spectral content, or other characteristic of peripheral content
may be varied. More generally, a system may define image
portions of any number, size, and shape in which to vary any
of the display characteristics. For example, a system may
increase the brightness of one side of the image. As another
example, a system may reduce the temporal resolution of
most of an image, while continuing to display a particular
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feature in an image at a non-reduced temporal resolution.
Other examples are also possible.

In some embodiments, a system may vary the spectral
content of a perspective. For example, a system may reduce
the spectral content of a perspective by filtering the perspec-
tive to reduce the number of different colors that are dis-
played in the perspective. In particular, such filtering may
involve comparing each pixel in the full-color image to a
reduced set of colors and selecting the color from the
reduced set that most closely resembles the original color of
the pixel. In some cases, the reduced set of colors may
include a relatively full range of colors (such as a standard
16 or 256 color set). In other cases, the reduced set of colors
may include only colors from a particular color palette. For
example, a system may include only colors with a reduced
saturation (i.e., colors that are spectrally broadened to pro-
duce a “grayed out” image) in a reduced set of colors.

In other embodiments, a system may vary the color
saturation of a perspective by applying a uniform filter to all
pixels in the perspective. For example, a system may
increase the color saturation by altering the frequency spec-
trum of the light that each pixel emits so that each pixel
emits only a single frequency of light. In practice, a saturated
color may contain some light that is outside of the single
desired frequency, but the spectrum overall would have a
single narrow peak in intensity at the desired frequency and
reduced intensity at frequencies outside of the peak. As
another example, a system may reduce the saturation by
reducing the intensity of light that is emitted at the peak
frequency or by increasing the intensity of other frequencies.
In some embodiments, the intensity of light at the peak
frequency of each pixel may be entirely equalized to the
intensity of light at non-peak frequencies of that pixel,
producing a grayscale image.

In some embodiments, a system may vary the temporal
resolution of a perspective of a 3D video. For example, the
system may reduce the rate at which frames change for one
perspective. In particular, the system may reduce the frame
rate in half by displaying each frame for twice the normal
duration. To maintain consistency between the perspectives,
the system may refrain from displaying every other frame of
the reduced perspective of the 3D video. In this way, the two
perspectives may present a coherent image, but one per-
spective with also display an intermediate image. A system
may reduce the frame rate to rates other than simply half the
normal rate. For example, the same strategy could easily be
applied to frame rates that are one-third, one-fourth, or
one-fifth as frequent. Further, frame rates of any arbitrary
ratio may be simply accomplished by refraining from dis-
playing the appropriate portion of frames. In some embodi-
ments, the system may also change when the frames of the
reduced perspective are refreshed, so that the reduced frame
rate is regular. For example, if the reduced frame rate is
two-thirds of the normal frame rate, then, instead of refresh-
ing the image simultaneously with the normal perspective
for two frames and not refreshing at the third frame, a system
may delay the refresh time of the second frame by a half
duration. In this way, the system refreshes the reduced
perspective regularly, at durations that are 1.5 times longer
than the normal duration.

Example systems may also vary multiple display charac-
teristics in combination. For example, a system that
increases the saturation of a perspective may also increase
the brightness of the perspective. As another example, a
system may reduce both the spatial resolution and the
temporal resolution of one perspective. Other examples are
also possible.
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In addition to controlling whether any of the above-
described display characteristics are changed, a system may
also control how much a characteristic is changed. For
example, a system may brighten a pixel a small amount by
slightly increasing the electrical current through the light
source, and brighten the pixel a large amount by greatly
increasing the electrical current through the light source. As
another example, a system may define a larger or smaller
area of the image to be “peripheral content” that is subject
to reductions in complexity or resolution. Similar control
can be applied to resolution, spectral content, temporal
resolution, saturation, and other display characteristics.

In order to determine how much to vary the display
characteristics, the system may evaluate the difference in eye
strength between a viewer’s eyes. In some cases, a system
may refrain from varying the display characteristics in
response to determining that the difference in eye-strength is
smaller than a predefined threshold difference. In such a
case, the system may evaluate the difference in eye-strength
by comparing the difference to the preset threshold level.

Some systems may use multiple threshold values to
determine which characteristics to vary and how much each
characteristic should be varied. For example, the system
may vary the spatial resolution of a perspective in response
to determining that a detected eye-strength difference is
larger than one threshold value and vary the complexity of
the perspective in response to the difference being larger
than a different threshold value. As another example, in
response to detecting a difference that surpasses a low
threshold value, a system may reduce the temporal resolu-
tion of a perspective by one-half and, in response to detect-
ing that the difference is larger than a higher threshold, the
system may reduce the temporal resolution by one-third.

Some systems may use a sufficient number of threshold
values that correspond to amounts of display varying that the
range of values are substantially continuous. In particular, a
system may assign a numerical scale to the amount that a
display characteristic may be varied and, then, vary that
characteristic in direct proportion to the eye-strength indi-
cated in the eye-strength data. For example, the system may
assign a numerical scale to the possible values of brightness
for an image and then fit possible differences in eye strength
to the same numerical scale. When such a system receives
eye-strength data, the system may use these assigned values
to match the difference in eye-strength indicated in the
received eye-strength data to the amount of varied bright-
ness. A system may also assign values to more than one
display characteristic, so that multiple characteristics may be
varied in proportion to the eye-strength difference. In such
an embodiment, the particular display characteristics may
either be varied over the entire range of eye-strength differ-
ences or be varied only in certain ranges. For example, a
system may vary one characteristic when the eye-strength
difference is small and vary a different characteristic when
the eye-strength difference is larger.

In a system that occasionally (e.g., periodically) receives
or generates new eye-strength data, the system may also
occasionally update whether, and how much, particular
display characteristics are varied. For example, each time
that new eye-strength data is received, the system may
determine how the viewer’s eye strength has changed and
adjust the display characteristics accordingly. In some
embodiments, instead of adjusting display characteristics in
direct response to each reception of new eye-strength data,
the system may analyze (e.g., using filtration, curve-fitting,
linear or nonlinear regression, etc.) a set of eye-strength data
to identify a time-dependent trend. The system may then
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adjust display characteristics in accordance with the trend. In
this way, some embodiments may cause a predictive adjust-
ment, based on a forward projection of the trend.

IV. Compensating for a Weak Viewer-Eye

In varying the display characteristics, some variations
may make the perspective more or less complex. For
example, decreasing the image complexity, image size,
amount of peripheral content, spectral content, spatial reso-
Iution, and/or temporal resolution of a perspective may
decrease the complexity of the perspective, because the eye
has less visual information to receive and process.

Other variations may make the perspective easier or
harder to view or recognize. Such a variation may be herein
termed a change in viewing difficulty. For example, increas-
ing the brightness, saturation, or contrast of a perspective
may decrease the viewing difficulty, because the visual
information may be easier to see and/or discern. In contrast,
decreasing the brightness, saturation, or contrast of an image
may increase the viewing difficulty. Some changes to view-
ing difficulty may be less direct. For example, if image-
complexity variations are taken to the extreme, like the
resolution change shown in FIG. 10B, then the viewing
difficulty may actually increase, because the image will be
harder to discern. That is, the natural ability of the mind to
group bits of information into larger objects may be
degraded, causing the viewer to use conscious energy to
analyze the image. As another example, moving the image
position (by changing the position of removed peripheral
content) to an area that is not near the original image center
or center of attention may increase the viewing difficulty,
because removing the focal point may make the image less
recognizable.

In practice, a system may vary image complexity and
viewing difficulty of a perspective relatively: that is, with
respect to the other perspective. Because relative changes to
one perspective may be thought of as producing opposite
changes to the other perspective, the system may relatively
vary the characteristics of one perspective without actually
changing that perspective. For example, decreasing the
spatial resolution of the perspective associated with the
strong viewer-eye may be taken as an increase to the spatial
resolution of the perspective associated with the weak
viewer-eye. In other cases, the system may actually vary the
display characteristics of the intended perspective (which
amounts to an absolute change and a relative change). In
some cases, the system may determine how to vary the
display characteristics based on whether a change is even
possible. For example, if an original image is already at the
full spatial resolution of the display device, then the system
may increase the spatial resolution of a perspective only by
decreasing the resolution of the other perspective.

When a system detects a weak viewer-eye, the system
may compensate by decreasing the viewing difficulty of the
perspective presented to the weak eye and/or decreasing the
image complexity of the same perspective. Because a viewer
may perceive or distinguish less visual-information through
the weak eye than the strong eye, a decrease in viewing
difficulty may give the viewer the impression that each of his
or her eyes are receiving images equivalently. For example,
if eye-strength data indicates that the weak viewer-eye has
dimmed eyesight (i.e., less of the light received by the eye
is perceived by the brain than on a normal eye), then a
system may increase the brightness of the image to this eye
(or a decrease the brightness of the view to the other eye) so
that the viewer perceives the same amount of light through
each eye.
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A system may reduce the image complexity, for example,
to conserve resources without reducing the quality of the
displayed 3D image. For example, if the eye-strength data
indicates that the weak viewer-eye is blurry (i.e., having a
lower spatial resolution than a normal eye), then a system
may reduce the spatial resolution of the perspective to this
eye without the viewer perceiving the change. As another
example, if the eye-strength data indicates that a viewer has
a cataract at the top of the weak eye, then a system may
increase the brightness of the top of the perspective associ-
ated with this eye. As a further example, if the eye-strength
data indicates that the weak viewer-eye is wholly or partly
color blind, the system may reduce the saturation or spectral
content without greatly affecting the viewer’s perception. In
the example of one color-deficient eye, the system may also
reduce the saturation or spectral content of the perspective
associated with the dominant viewer-eye, to conserve
resources associated with display of a saturated color image
and to avoid the situation where the colors of the two
perspectives disagree.

In compensating for the weak viewer-eye, a system may
limit the amount to which the complexity or viewing diffi-
culty is reduced, so that these variations do not further
weaken the viewer-eye. In particular, when the complexity
or resolution of the weak viewer-eye’s perspective is
reduced, the viewer may rely less on that perspective and,
instead, rely more on the dominant eye. Such reliance may
further exacerbate the eye’s weakness by obviating the use
of the weak viewer-eye. To help avoid this issue, the system
may use eye-strength data and/or eye-location data to esti-
mate the amount of image change that would be indiscern-
ible by the viewer. Then, the system may use this estimated
amount of change as a cutoff and not allow the display
characteristics to vary more than the cutoff. In practice, a
system may maintain changes well below the cutoff in case
of incorrect estimation. As an example of estimating, a
system may determine (or receive already determined) the
maximum resolution that a weak viewer-eye can discern at
a given distance and scale that resolution to the distance
between the display screen and the detected eye-locations.

V. Training a Weak Viewer-Eye

In addition to compensating for a weak viewer-eye, a
system may be configured to train the weak viewer-eye so
that the viewer may learn to rely more on the weak eye. To
compensate for the weak viewer-eye, the system may
decrease the viewing difficulty and/or complexity of the
perspective associated with the weak eye. In contrast, to
train the weak viewer-eye, a system may increase the
viewing difficulty of the perspective associated with the
strong viewer-eye and/or decrease the image complexity of
the perspective associated with the strong viewer-eye.

The system may increase the viewing difficulty of the
strong-eye’s perspective to give the viewer the impression
that each of his or her eyes are receiving images equiva-
lently, in the same way that the system may decrease the
weak viewer-eye’s difficulty to give this impression when
compensating for the weak viewer-eye. In contrast to the
compensation technique, however, the system may increase
the viewing difficulty for the strong eye beyond the level that
gives a viewer the impression of equivalent perspectives. In
some cases, the system may even completely turn off the
strong viewer-eye’s perspective so that the viewer must rely
entirely on the weak eye. In other cases, the system may
increase the viewing difficulty of the perspective of the
strong viewer-eye until that perspective is only slightly less
difficult to view than the perspective of the weak viewer-eye.
In this situation, the viewer may compensate for the slight
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difference in viewing difficulty by relying slightly more on
the weak eye. The viewer may not notice such a small
increase in viewing difficulty and therefore the training is not
intrusive.

Decreasing the image complexity of the strong viewer-
eye’s perspective may also cause the viewer to rely more on
the weak eye without conscious effort. For example, a
system may remove peripheral content from the strong-eye’s
perspective so that, in order to see the peripheral content, the
viewer must rely on the weak eye. Because the content is not
at the focus of the image, the viewer again may not notice
the change but subconsciously may begin using the weak
eye more. As another example, a system may reduce the
temporal resolution of the strong viewer-eye’s perspective
so that the weak viewer-eye may receive more visual infor-
mation in a given timeframe, without consciously perform-
ing an active treatment. In some cases, the system may both
increase the viewing difficulty and decrease the complexity
simultaneously. For example, a system may greatly reduce
the spatial resolution of the strong eye’s perspective so that
the image is both more difficult to recognize and contains
less visual information. As a further example, a system may
remove important features from the strong eye’s perspective
as another technique for increasing viewing difficulty and
decreasing complexity in the strong eye’s perspective.

In some embodiments, the system may change over time
how the display characteristics are varied. In some cases, a
system may update how characteristics are varied when the
system receives or generates new eye-strength data. In other
cases, a system may initially vary the display characteristics
in one way and, then, gradually change the amount of
variation that the system applies to the display characteris-
tics. For example, the system may initially vary the viewing
difficulty so that the perspectives appear equivalent and,
then, slowly increase the viewing difficulty of the perspec-
tive for the weak viewer-eye. In this way, the system may
progressively train the weak viewer-eye to work harder
without alerting the viewer of such training. As another
example, if a system does not initially vary the complexity
of either perspective, then the system may gradually
decrease the complexity of the dominant viewer-eye’s per-
spective. Again, such a technique may train the viewer to
rely on the weaker eye, without drawing attention to this
training.

As yet another example, a system may initially vary the
perspectives in a way that stimulates reliance on the view-
er’s weak eye (e.g., by increasing the relative viewing
difficulty and/or complexity of the weak viewer-eye’s per-
spective) and, then, gradually decreasing the amount of
variation that is applied to the display characteristics. Such
a technique may help, for instance, to adjust for improve-
ments in the viewer’s eyesight. In some cases, the variation
may decrease simply by changing in accordance with new
eye-strength data as the weak viewer-eye improves. In other
cases, the system may follow a preset pattern in decreasing
the variation. For example, a system may be programmed to
record the amount of time that a viewer uses the training
program and adjust the variance in accordance with the total
amount of time. Such a technique may be facilitated by the
viewer-profile system in that the profile may store historical
eye-strength readings and viewing behavior. As another
example, a system may be programmed to decrease variation
gradually during each viewing session.

In some embodiments, the system may use a periodic
cycle of variation. For example, the system may periodically
increase and decrease the variation in a sinusoidal, triangle
wave, saw-tooth wave, or other periodic pattern. In this way,
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the system may help prevent a viewer from adjusting to the
changes in a way that circumvents the training (e.g., increas-
ing the overall brightness of the screen, moving closer,
squinting, etc.) Some cycles may include durations in which
no variation is performed or in which the variation causes
the viewer to perceive equivalent perspectives. Other time-
dependent training techniques are also possible.

The construction and arrangement of the elements of the
systems and methods as shown in the exemplary embodi-
ments are illustrative only. Although only a few embodi-
ments of the present disclosure have been described in
detail, those skilled in the art who review this disclosure will
readily appreciate that many modifications are possible (e.g.,
variations in sizes, dimensions, structures, shapes and pro-
portions of the various elements, values of parameters,
mounting arrangements, use of materials, colors, orienta-
tions, etc.) without materially departing from the novel
teachings and advantages of the subject matter recited. For
example, elements shown as integrally formed may be
constructed of multiple parts or elements. The elements and
assemblies may be constructed from any of a wide variety of
materials that provide sufficient strength or durability, in any
of a wide variety of colors, textures, and combinations.
Additionally, in the subject description, the word “exem-
plary” is used to mean serving as an example, instance, or
illustration. Any embodiment or design described herein as
“exemplary” is not necessarily to be construed as preferred
or advantageous over other embodiments or designs. Rather,
use of the word exemplary is intended to present concepts in
a concrete manner. Accordingly, all such modifications are
intended to be included within the scope of the present
disclosure. The order or sequence of any process or method
steps may be varied or re-sequenced according to alternative
embodiments. Any means-plus-function clause is intended
to cover the structures described herein as performing the
recited function and not only structural equivalents but also
equivalent structures. Other substitutions, modifications,
changes, and omissions may be made in the design, oper-
ating conditions, and arrangement of the preferred and other
exemplary embodiments without departing from scope of
the present disclosure or from the scope of the appended
claims.

Although the figures show a specific order of method
steps, the order of the steps may differ from what is depicted.
Also, two or more steps may be performed concurrently or
with partial concurrence. Such variation will depend on the
software and hardware systems chosen and on designer
choice. All such variations are within the scope of the
disclosure. Likewise, software implementations could be
accomplished with standard programming techniques with
rule-based logic and other logic to accomplish the various
connection steps, processing steps, comparison steps, and
decision steps.

What is claimed is:

1. A 3D display system comprising:

a 3D display screen configured to display a plurality of
perspectives of an image to a plurality of viewer-eyes;

an eye-monitoring system configured to generate eye-
strength data, wherein generating the eye-strength data
comprises using gaze-tracking data to determine the
eye-strength of the weak viewer-eye by tracking the
focus of (i) the weak viewer-eye and (ii) a correspond-
ing strong viewer-eye, and determining the relative
eye-strength of the weak viewer-eye, with respect to the
strong viewer-eye, based at least in part on the tracked
focus;
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a processor;

a computer-readable medium; and

program instructions stored on the computer-readable

medium and executable by the processor to cause the

3D display system to:

(1) receive eye-strength data representative of at least
the relative eye-strength of the weak viewer-eye with
respect to the strong viewer-eye; and

(i1) vary, in accordance with the eye-strength of the
weak viewer-eye, display characteristics of the per-
spective of the image to conserve resources without
reducing the quality of the displayed 3D image.

2. The 3D display system of claim 1, wherein the eye-
monitoring system is an externally connected eye-monitor-
ing system.

3. The 3D display system of claim 2, wherein the program
instructions are further executable to cause the 3D display
system to transmit instructions to the eye-monitoring sys-
tem, wherein the transmitted instructions cause the eye-
monitoring system to (i) detect characteristics of the weak
viewer-eye and (ii) generate the eye-strength data, based at
least in part on the detected characteristics of the weak
viewer-eye.

4. The 3D display system of claim 1, wherein generating
the eye-strength data comprises monitoring the dilation of
the weak viewer-eye to determine the eye-strength of the
weak viewer-eye.

5. The 3D display system of claim 1, wherein generating
the eye-strength data comprises:

using the 3D display system to perform an eye-strength

test; and

as part of the eye-strength test, receiving user-input

indicative of the eye-strength of the weak viewer-eye.

6. The 3D display system of claim 1, wherein generating
the eye-strength data comprises:

displaying a first perspective of an image to the weak

viewer-eye and a second perspective of the image to a

dominant viewer-eye;

receiving an indication regarding a quality of a viewer’s

perceived 3D effect from the images;

determining, in accordance with the received indication,

data associated with the eye-strength of the weak

viewer-eye.

7. The 3D display system of claim 1, wherein varying, in
accordance with the eye-strength of the weak viewer-eye,
the display characteristics comprises:

evaluating a difference in eye-strength between the weak

viewer-eye and a second viewer-eye;

determining whether the evaluated difference in eye-

strength is larger than a predefined threshold difference

in eye-strength;

in response to determining that the evaluated difference is

larger than the threshold difference, causing the 3D

display system to vary the display characteristics.

8. The 3D display system of claim 7, wherein the program
instructions are further executable to cause the 3D display
system to:

determine whether the evaluated difference in eye-

strength is larger than any of a plurality of predefined

threshold differences in eye-strength; and

in response to determining that the evaluated difference is

larger than a particular set of threshold differences of
the plurality of threshold differences, cause the 3D
display system to vary the display characteristics in
accordance with the particular set of threshold differ-
ences.

9. The 3D display system of claim 8, wherein the plurality
of threshold differences constitute a substantially continuous
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set of threshold differences in eye-strength, whereby the
display characteristics are varied in accordance with incre-
mental changes in the eye-strength of the weak viewer-eye.
10. A method of training a first viewer-eye, comprising:
causing a 3D display system to display a first perspective
of an image and a second perspective of the image;
generating eye-strength data using an eye-monitoring
system, wherein generating the eye-strength data com-

prises using gaze-tracking data to determine the eye- .

strength of the first viewer-eye by tracking the focus of
(1) the first viewer-eye and (ii) a corresponding second
viewer-eye;
determining an eye-strength of the first viewer-eye with
respect to an eye-strength of the second viewer-eye
based at least in part on the tracked focus, wherein the
first perspective is intended for display to the first
viewer-eye, and wherein the second perspective is
intended for display to the second viewer-eye; and

varying, based at least in part on the determined eye-
strength of the first viewer-eye, display characteristics
of at least one of the first perspective and the second
perspective to conserve resources without reducing the
quality of the displayed image.

11. The method of claim 10, wherein determining the
eye-strength of the first viewer-eye comprises:

using the 3D display screen to perform an eye-strength

test; and

as part of the eye-strength test, receiving user-input

indicative of the eye-strength of the first viewer-eye.

12. The method of claim 10, wherein determining the
eye-strength of the first viewer-eye comprises receiving an
indication regarding a quality of a viewer’s perceived 3D
effect from the images, wherein the data associated with the
eye-strength of the first viewer-eye is determined in accor-
dance with the received indication.

13. The method of claim 10, determining the eye-strength
of the first viewer-eye comprises receiving user-input indi-
cating at least the eye-strength of the first viewer-eye.

14. The method of claim 10, further comprising:

updating the determined eye-strength of the first viewer-

eye; and

based at least in part on the updated eye-strength, varying

the characteristics of at least one of (i) the first per-
spective and the (ii) second perspective.

15. The method of claim 10, wherein the 3D display
system comprises a lenticular display screen.

16. The method of claim 10, wherein the 3D display
system comprises a parallax-barrier 3D display screen.

17. The method of claim 10, wherein the 3D display
system comprises a holographic display screen.

18. The method of claim 10, wherein the 3D display
system comprises a directed-beam 3D display screen.

19. The method of claim 10, wherein the plurality of
perspectives is overlaid into a single composite image that is
filterable to obtain each of the plurality of perspectives.

20. The method of claim 10, wherein the varied display
characteristics comprise one or more of (a) brightness, (b)
spatial resolution, (c) sharpness, (d) complexity, (e) image
size, (f) image position, (g) peripheral content, (h) spectral
content, (i) color saturation, and (j) temporal resolution.

21. The method of claim 10, further comprising:

determining an eye-strength for each viewer-eye of a first

set of additional viewer-eyes with respect to an eye-
strength of a corresponding viewer-eye from a second
set of additional viewer-eyes, wherein the first perspec-
tive is intended for display to each of the first set of
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viewer-eyes, and wherein the second perspective is
intended for display to each of the second set of
viewer-eyes; and

varying, based at least in part on one of the determined
eye-strengths, the display characteristics of at least one
of the first perspective and the second perspective.

22. An eye-monitoring system for controlling a 3D dis-
play system displaying a plurality of perspectives, the eye-
monitoring system comprising:

an eye sensor configured to detect characteristics of a
plurality of viewer-eyes by at least tracking the focus of
the plurality of viewer-eyes;

a display-system control interface communicatively con-
necting the eye-monitoring system to the 3D display
system; and
control circuitry configured to:

(1) generate, based at least in part on characteristics
detected by the eye sensor, eye-strength data
indicative at least of an eye-strength of (i) a weak
viewer-eye and (ii) a corresponding strong viewer-
eye from the plurality of viewer-eyes, wherein
determining the eye-strength of the weak viewer-
eye and the strong viewer-eye is based at least in
part on the tracked focus, and

(i) output command signals to the 3D display system
via the display-device control interface, wherein
the command signals instruct the 3D display sys-
tem to vary the display characteristics of one or
more of the plurality of perspectives in accordance
with the generated eye-strength data to conserve
resources without reducing the quality of the one
or more of the plurality of perspectives.

23. The eye-monitoring system of claim 22, wherein the
display-system control interface comprises a connection that
is external to the 3D display system.

24. The eye-monitoring system of claim 22, wherein the
eye-monitoring system is integrally mounted within the 3D
display system.

25. The eye-monitoring system of claim 24, wherein the
3D display system is a portable system.

26. The eye-monitoring system of claim 22, wherein the
control circuitry is further configured to:

evaluate a difference in eye-strength between the weak
viewer-eye and a second viewer-eye;

determining whether the evaluated difference in eye-
strength is larger than a predefined threshold difference
in eye-strength; and

in response to determining that the evaluated difference is
larger than the threshold difference, outputting the
command signals to the 3D display system.

27. The eye-monitoring system of claim 26, wherein the

control circuitry is further configured to:

determine whether the evaluated difference in eye-
strength is larger than any of a plurality of predefined
threshold differences in eye-strength; and

in response to determining that the evaluated difference is
larger than a particular set of threshold differences of
the plurality of threshold differences, outputting further
command signals to the 3D display system instructing
the 3D display system to vary the display characteris-
tics in accordance with the particular set of threshold
differences.

28. The eye-monitoring system of claim 27, wherein the

plurality of threshold differences constitute a substantially
continuous set of threshold differences in eye-strength,
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whereby the display characteristics are varied in accordance
with incremental changes in the eye-strength of the weak
viewer-eye.

29. The eye-monitoring system of claim 22, wherein the
varied display characteristics comprise one or more of (a)
brightness, (b) spatial resolution, (c¢) sharpness, (d) com-
plexity, (e) image size, (f) image position, (g) peripheral
content, (h) spectral content, (i) color saturation, and (j)
temporal resolution.

30. The eye-monitoring system of claim 22, wherein the
control circuitry is further configured to generate, based at
least in part on characteristics detected by the eye sensor,
second eye-strength data indicative at least of an eye-
strength of a dominant viewer-eye from the plurality of
viewer-eyes.

31. The eye-monitoring system of claim 30, wherein the
command signals instruct the 3D display system to perform
certain functions, the certain functions comprising:

comparing the indicated eye-strength of the weak viewer-

eye to the indicated eye-strength of the dominant
viewer-eye; and

in response to determining that the eye-strength of the

weak viewer-eye is greater than the eye-strength of the
dominant viewer-eye, designating the dominant
viewer-eye to be the weak viewer-eye.

32. The eye-monitoring system of claim 22, wherein
instructing the 3D display system to vary the display char-
acteristics of one or more of the plurality of perspectives in
accordance with the generated eye-strength data comprises
causing the 3D display system to vary display characteristics
in accordance with the relative eye-strength of the weak eye
and a second viewer-eye.
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